We report on the solidification of Au 49 
Introduction
In the 1950s, Turnbull predicted that glass formation in metals is possible if heterogeneous nucleation could be suppressed [1, 2] . Shortly after, Duwez and co-workers reported the synthesis of the first metallic glass [3] by rapidly cooling an Au-Si alloy at a rate of approximately 10 6 K/s. In the 1970s, ribbons, splats, powder, droplets, wires, and thin films were the typical forms of early metallic glasses obtained by rapid quenching [4] [5] [6] . Pd-Cu-Si alloy system was the first exception. Chen's discovery of this alloy system provided the first evidence that metallic glass could be cast in bulk form [7] .
During the past few decades, bulk metallic glasses have been discovered in a wide range of alloys [8, 9] [ [10] [11] [12] [13] . In some alloys, a critical cooling rate to avoid crystallization as low as 0.005 K/s [14] and critical casting thickness of up to 7 cm were reported [15] when heterogeneous nucleation was reduced.
With the exception of some exotic BMG synthesis methods [16] [17] [18] [19] most amorphous alloys have been created by cooling the liquid from above its liquidus temperature. In this case, the intrinsic glass forming ability (GFA) and critical casting thickness, d max , were understood to be completely characterized by the critical cooling rate, R c (see e.g. [20] ).
This chapter of the thesis presents solidification studies on gold bulk metallic glass forming alloy Au 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3, which could be cast into fully amorphous rods of at least 5 mm in diameter using a conventional copper mold injection method.
When the liquid alloy was splat-cooled, where it was exposed to both a high cooling rate and a high strain rate, it crystallized during solidification. This suggests that the high V-3 strain rate induces crystallization. This effect becomes less pronounced with increasing processing temperature.
Experimental
Ingots The splat quencher apparatus is schematically shown in Figure V-1. First, the alloy is levitated and quickly melted inside the induction coil. Once the liquid melt reaches certain temperature (900 K and 1500 K in the present experiments), the power supply is shut off. The liquid droplet then free-fell through the induction coil due to gravity. During free-falling, the droplet passed the laser detector which triggered the time-delay unit. After some short delay time, the control unit fired the the copper piston splatters which caught the liquid droplet. During splatting, the liquid was solidified and Thermal analysis was performed in a Netzsch DSC 404c differential scanning calorimeter (DSC) and Perkin Elmer DSC7. X-ray diffraction analysis (XRD) was carried out on an Inel XRG 3000 using Cu Kα radiation.
Experimental Results
Figure V-2 compares the XRD spectrum of (a) a 50 micron splat-cooled sample implying that the nominal composition of the splat has not been altered.
To further investigate our findings the same alloy was subjected to different strain rates and processing temperatures. The results are summarized in Table V This crystallization effect was found to be influenced by the processing temperature.
With increasing processing temperature, the crystalline volume fraction decreases and, at about 1500 K, the sample becomes mainly amorphous.
A Calculated from the time required to deform a liquid drop of 1 mm diameter sphere to a splat 50 micron thick. The time is of the order of millisecond.
B The cooling rate is estimated from solution to the heat flow equation for a plate of liquid alloy cooled by heat conduction to a thick mold which yields R c plate = 0.4K t T l / c p L 2 with K t as the thermal conductivity, c p the specific heat of the alloy, and L the plate's thickness. More information can be found in the appendix. showing the effect of processing temperatures and strain rates V-9
Discussions
To date no strain rate effects on the crystallization in metallic liquid have been reported. However, for several metallic glasses, it has been found that the strain rate has an effect on the viscosity [22] [23] [24] [25] . These non-Newtonian effects result in a decrease of the viscosity with increasing strain rate. The viscosity has a strong influence on the crystallization kinetics. According to classical nucleation theory, the time for crystallization, t x , is proportional to [26, 27] :
where I ss is the steady state nucleation rate and u the growth rate. Both I ss and u are inversely proportional to the viscosity, implying t x ∝ η, which was experimentally verified by Mukherjee et al. [28] . The critical cooling rate is inversely proportional to t x, indicating R c ∝ 1/η [28] . This implies that in order to explain the crystallization in the splat-cooled sample by the strain rate effect on viscosity, the viscosity during splatcooling must be at least four orders of magnitude lower than the viscosity during 5 mm copper mold casting. Strain rate effects on viscosity were quantified for a Zr-based BMG by Lu et al. [29] . It was found that the strain rate effects on viscosity are most pronounced at low temperatures around T g and become less significant as the temperature approaches Phase separation and crystallization driven by large strain rates and related nonNewtonian liquid behavior are common in many complex fluids (see, e.g., [31] [32] [33] ). The origin for strain rate effects on phase separation and crystallization in such liquids stems from the bonding nature and the size (or length) of the molecules, which is not applicable to metallic liquids. Even though many bulk metallic glass systems are known to phase separate [34] [35] [36] [37] [38] , the relationship between strain rate effects and phase separation in metallic glass liquids has never been established.
The effect of strain rate on metallic liquid includes the effect of elastic energy storage under flow. This is considered in the Gibbs free energy, G, as an elastic energy term, E el . The maximum value of this contribution can be estimated, in our case, to
, where σ y is the room temperature yield strength and ε el is the elastic strain limit. A liquid subjected to a strain rate can release E el and thereby lower its free energy by lowering its overall viscosity. Bulk metallic glass forming alloys are known to have high viscosities [39, 40] , much higher than the viscosity of each of the individual elemental constituents. Therefore, it is reasonable to assume that a homogeneous BMG V-11 forming liquid could lower its overall viscosity by phase-separating into two or more chemically distinct liquids. Such a phase separation process would then release elastic energy, and this elastic energy reduction would act as a driving force for the phase separation process. This approach to explain the influence of strain rate on the crystallization is sketched in Figure V R the material phase separates and crystallizes during solidification. It has been predicted [23] and observed in several systems that crystallization takes place in shear bands where plastic shear is localized [41, 42] resulting in a very high strain rate. Recent study by
Lewandowski and Greer [43] suggests that the cooling rate inside the shear bands is of the order of 10 5 -10 9 K/sec. Such high cooling rate could easily suppress crystallization in regular condition, i.e. strain rate is zero. Therefore the heat evolution inside the shear band could not be responsible for crystallization in solid BMGs at temperature far below
Tg. The strain rate induced crystallization could very well be the explanation of such findings.
If the applied cooling rate remains larger than effective dec c R , crystallization during solidification can be avoided and the material will only phase separate during solidification. The finding by Cao et al. [44] that phase separation takes place in shear bands with no evidence of crystallization might be an example of this scenario.
The extent to which the strain rate applied during solidification of the BMG influences crystallization depends on the relative influence of the elastic energy term in comparison to the enthalpic and entropic terms in G. Additionally, the extent to which the composition change during phase separation affects the glass forming ability depends on the composition dependence of the glass forming ability. For example, the well-studied
Zr-based and Pd-based BMGs can be expected to show a less pronounced strain rate effect on the crystallization since they possess a wide glass forming region on the V-14 compositional space [45, 46] . In addition, the directions in the compositional space for both (i) phase separation process driven by the lowering of elastic energy and (ii) the composition sensitivity of the GFA must coincide in order to result in a strong influence of the strain rate on the crystallization kinetics. The directional concurrent between (i) and (ii) controls the degree of the strain rate effect on crystallization.
It should be mentioned that the phase separation process described in the present approach is different from the previously reported decomposition processes in metallic glasses [34] [35] [36] [37] [38] . In those processes, the driving force for chemical decomposition comes from a lowering of the enthalpic contribution of G. The maximum driving force for a strain rate driven decomposition process can be estimated for as ≈ max el E 90 J/mol, using σ y = 1200 MPa and ε el = 0.015 [47] . This number is comparable to the driving force for the previously reported chemically driven decomposition process of approximately 100 J/mol [48] .
Transmission electron microscope (TEM) work was completed on two splatted samples of different compositions: the best glass forming composition consisting of five elements and nominal glass forming composition consisting of four elements. For the best glass forming composition, the fully crystalline splat sample was obtained using high strain rate of 1000 /sec and 900 ºC processing temperature. TEM micrographs reveal many nano-crystals and larger particles. Crystallites of different sizes and different compositions were located at different distances from the center of the splat. For the nominal glass former, the splat is partially amorphous and the TEM micrograph of one specific area is shown in Figure V V-16
Conclusion
The experimental evidence of a strain rate induced crystallization in a metallic system during cooling from the melt is reported. Previously reported strain rate effects on viscosity alone are not sufficient to explain this finding. A qualitative approach is suggested where the strain rate induces phase separation in the homogeneous liquid. If phase separated chemical compositions are driven out of the glass forming region for the applied cooling rate, the material crystallizes during cooling. In the present case, a cooling rate as high as 10 6 K/s is not sufficient to suppress crystallization. This work suggests the critical cooling rate must be considered in conjunction with the strain rate dependent effect in order to fully assess the intrinsic glass forming ability of metallic glass forming liquids.
